We experimentally study THz energy coupling among an array of identical parallelplate waveguides in close proximity, with their unconfined sides facing each other. We observe stronger coupling with larger plate separations and longer propagation paths.
Introduction
Evanescent wave coupling in waveguides and waveguide arrays has been well studied in the visible and infrared, and is an important concept underlying key technologies such as optical fiber splitters and combiners. For example, a directional coupler functions due to the evanescent field of one fiber overlapping into the mode profile of another fiber in close proximity [1, 2] . Although this concept is very well developed in optics, it has only barely been studied in the terahertz (THz) range, between two adjacent wire waveguides [3] . To explore waveguide coupling in the THz regime, we chose finite-width parallel-plate waveguides (PPWGs) as the basis for this experiment. Finite-width PPWGs offer low losses and negligible dispersion, and can exhibit energy leakage when the plates are narrow and the plate separation is large [4] . This suggests that an array of narrow-width PPWGs is a convenient platform for studying THz energy coupling between waveguides. With broadband single-cycle pulses and coherent detection of the THz field, extending this well-understood phenomenon to another region of the electromagnetic spectrum may enable interesting new applications in THz waveguide devices and components such as splitters and power combiners.
Experimental Methods
To experimentally observe THz wave coupling, we use an array of waveguides with widths on the same order of wavelength, to ensure a strong evanescent wave transverse to the waveguide axis. We constructed PPWGs with a width (w) of 2 mm in an array with gap (g) between waveguides of 2 mm, as shown in Figure 1a . Plate separation (b) was controlled by precision micrometer mounts. For ease of assembly, the arrays were fabricated from two solid aluminum pieces that were machined to have a series of fins, one set comprising the top plate of each PPWG and the other set comprising the bottom plate of each, as shown in Figure 1b . Various propagation lengths (L) were studied, ranging from 5 to 40cm.
Using an aperture at the input face, we ensure that the incident THz beam excites only the central waveguide of the array. To measure coupling across the array, the field emerging from the output of the waveguide array was measured using a THz time-domain spectroscopy (THz-TDS) system with fiber-coupled photoconductive antennas. At the output, a total of 57 THz waveforms at 0.5 mm intervals were measured along the x-direction of the array, shown by the dashed line in Figure 1a . A 0.8mm diameter aperture was placed in front of the receiver to improve the Figure 2a shows a map of frequency versus horizontal position along the array at a length L of 30 cm, for four different plate separations. Assuming each waveguide supports a mode of approximately Gaussian in shape along the x direction, for a selected frequency, we fit Gaussian curves centered at each waveguide (Figure 2b ) in order to characterize the mutual-coupling. To determine the coupling ratio, we average the ratio of areas under these curves to that of the most adjacent waveguide for all plate separations and lengths. Typical results are plotted in Figure 3 . We also numerically compute the solution to this design using finite element method (FEM) simulations. Using the same analysis of Gaussian fitting, we see good agreement of the coupling ratios between the numerical simulations and the experimental results.
Results
Several trends are evident in this data. We see that greater plate separations and longer propagation path lengths lead to greater coupling from the center waveguide to adjacent waveguides. In finite-width PPWGs, energy confinement decreases as plate separation increases [4] . Thus when the energy is less confined, the mode profile is broader and there is more evanescent leakage from the sides of the waveguide. This then overlaps into adjacent waveguides, and the effect continues spreading energy across the array as the THz signal propagates for longer distances. These trends are reasonably consistent with the results of 3D FEM simulations (dashed lines in Fig. 3 ). Our results demonstrate mutual energy coupling across a PPWG array in the THz band, as a function of both wavelength and various geometrical parameters. 
